Abstract-Dynamic and static characteristics of high-speed 1.55-and 1-m wavelength tunneling injection quantum-well lasers and 1-m wavelength self-organized quantum-dot lasers, have been measured as a function of temperature. While differential gain of the quantum-well lasers greatly increased with lowering of temperature (by a factor of 50), gain compression increased along with it, resulting in about the same intrinsic damping limit (K-factor) over a wide range of temperatures and only moderate increases in bandwidth (20-35 GHz). This suggests that increase in differential gain alone is not sufficient to improve modulation characteristics directly. Because of the mechanism of gain compression, lasers which are damping limited may not see a large improvement in modulation bandwidth simply by operating at lower temperature. In contrast, the modulation bandwidth of the quantum-dot lasers increased from 5-6 GHz at room temperature to larger than 20 GHz at 90 K. This behavior is explained by considering electron-hole scattering as the dominant mechanism for electron capture in quantumdots. The measured temperature dependence of the K-factor is analyzed with consideration of electron-hole scattering, and the value extracted for the electron intersubband spacing from this analysis, 60 meV, agrees with the theoretically calculated value of 56 meV.
I. INTRODUCTION

D
YNAMIC and static heating are particular problems for high-speed semiconductor quantum-well lasers [1] , [2] . The maximum speed of a transistor is limited by transport, which is not a strong function of temperature, and and of 100 GHz in III-V devices can be easily achieved with sufficiently small dimensions [3] . However, in semiconductor lasers, the carrier distribution is the major determinant to laser optical modulation speed, and that is a strong function of temperature. Hence, laser characteristics are very sensitive to temperature, in their threshold current [4] - [9] and modulation characteristics [1] , [2] . This sensitivity can be utilized, for example, in temperature tuning the emission wavelength of distributed feedback lasers [10] .
The effects of temperature on laser modulation characteristics have not been extensively studied. In this paper, modulation characteristics of high-speed quantum-well and quantum-dot lasers are studied as a function of temperature in order to determine how the ultimate modulation limits of damping and carrier transport change with temperature, and the device behavior in the absence of deleterious heating effects. In particular, it is of interest to compare the characteristics of recently developed self-organized quantum-dot lasers with state-of-the-art quantum-well lasers.
First, the experimental structures and measured static and dynamic characteristics will be presented. Then, the temperature dependence of the derived quantities ( -factor and differential gain) will be presented. The general trends seen are explained by the expected temperature dependence of differential gain and capture time in quantum-dot and quantum-well devices.
II. LASER STRUCTURES AND DC CHARACTERISTICS
The static and dynamic characteristics of several different kinds of devices are measured as a function of temperature. The 1.55-m InGaAsP tunneling injection laser (TIL) heterostructure consists of a strain-compensated, eight InGaAsP quantum-well gain region at 1.55 m surrounded by m barriers, with a 30Å InP tunneling barrier on the n-side [11] . The InGaAs/GaAs ( m) tunneling injection laser heterostructure consists of a four quantum-well undoped gain region with alternating 50Å In 0.2 Ga 0. 8 As wells and 70Å GaAs barriers with an AlAs tunneling barrier [12] . The laser heterostructures were grown by metalorganic vapor pressure epitaxy (MOVPE). The quantum-dot structure consists of four layers of self-organized quantum-dots sandwiched by a GaAs spacer in a conventional separate confinement heterostructure (SCH) laser heterostructure [13] . The In 0.4 Ga 0.6 As quantumdots exhibit a peak lasing wavelength of about 1 m at room temperature, and the entire structure was grown by molecular beam epitaxy (MBE). Fabrication details and exact layer structures are described in the references given above.
The laser structure used for all of these devices is shown in Fig. 1 . It consists of a ridge waveguide fabricated using standard lithography and wet and dry chemical etching into a single mode, ground-signal-ground configuration suitable for high speed testing. The ridge width is 3 m. All of the devices tested were fabricated using the same mask set. The devices 0733-8724/99$10.00 © 1999 IEEE were then thinned to 120 m, cleaved into bars from 200 to 800 m, mounted on Cu heat sinks using heat-conductive epoxy and tested.
The threshold currents and slope efficiencies of 200 m long, ridge waveguide, TIL multiquantum-well devices measured as a function of temperature are shown in Fig. 2 (a) and (b). The temperature dependence of threshold current density and slope efficiency of a broad area, quantum-dot laser is shown in Fig. 2(c) . Quantitative modeling of the temperature dependence of slope efficiency and threshold current is an interesting subject in itself, but beyond the scope of this paper: the measured DC characteristics will be qualitatively described in order to focus on the devices dynamic characteristics.
Results from the 1.55-m device will be discussed first, since both the DC and the dynamic measurements show no qualitative changes between room temperature and 25 K. The characteristics temperature defined as
is shown in Fig. 2 (a) over local ranges where the threshold current increased smoothly. There is some controversy over the mechanism for the temperature dependence of the threshold current in long wavelength devices, which has been attributed to Auger recombination [14] , change in optical gain with temperature [5] , or other factors [4] , [8] . The characteristic temperature ranged between 55-120 K with values of about 90 K near room temperature. It may be noted that the characteristic temperature of this tunneling injection device is considerably higher than that of conventional SCH InGaAsP devices ( 55 K) due to the introduction of a tunneling barrier [15] . The threshold current smoothly increased over the entire temperature range with the slope efficiency demonstrating a slight maximum near 100 K. In comparison, the 1 m In 0.2 Ga 0.8 As/GaAs multiquantumwell (MQW) tunneling injection lasers [ Fig. 2(b) ] show a higher equal to 120 K, from temperatures of 100 K up to room temperature. The devices also demonstrate a nearly flat threshold current region for temperatures less than about 60 K and even a slight increase in threshold current at the very lowest temperature. This is qualitatively similar to what has been observed in quantum-dot lasers and which has been attributed to the temperature independent density-of-states and atom-like behavior. However, carrier transport and lifetimelimited linewidth broadening also affect the threshold current. At low temperatures, the decreased ability of carriers to equilibrate within the wells will tend to increase the threshold current [16] counteracting the reduced thermal distribution of the carriers. Additionally, at low temperatures the homogenously broadened linewidth due to carrier-carrier scattering ( 3 meV) [17] will dominate the thermal width and the carrier distribution, for the purposes of stimulated emission, will be independent of temperature. Both of these factors could create a nearly temperature-independent threshold current region. The 1-m TIL devices were very susceptible to catastrophic facet degradation, and the measurements shown in Fig. 2(b) represent several different devices on the same fairly uniform bar. Fig. 2(c) shows the threshold current density and slope efficiency, taken on a single layer broad area quantum-dot laser. The temperature-independent threshold current region extends up to 80 K. Above this temperature, both the threshold current and the slope efficiency start to increase, and the temperature dependence of the device starts to resemble a quantum-well laser. This suggests that above this temperature, a significant number of carriers are activated into the wetting layer, which both increases the lasing threshold carrier density and facilitates the transfer of carriers to a lasing dot. Other researchers have extended the temperature independent threshold current region in quantum-dots up to room temperature by modifying the dot confinement region [18] .
With all three device types, the slope efficiency shows a maximum at an intermediate temperature. Decrease in slope efficiency with increasing temperature is attibuted to carrier diffusion out from under the ridge and carrier leakage. At low temperatures, decrease in slope efficiency is attributed to inhibited carrier transport between the wells or dots, which results in a nonequilibrium carrier distribution. This nonequilibrium carrier distribution has been shown to be necessary in describing quantum-dot lasers [19] , and has also been studied in quantum-well lasers [16] . We note that in both the GaAsbased lasers there is a very slight increase in threshold current at the lowest temperature range, which could be another manifestation of nonequilibrium carrier distribution. Trapped carriers (electrons toward the n-side contact, and holes toward the p-side contact) will decrease the net gain and increase the threshold current.
III. MODULATION RESPONSE AS A FUNCTION OF TEMPERATURE IN QUANTUM WELL AND QUANTUM DOT DEVICES
Measurements of the optical modulation response were made as a function of temperature for the three different device types. Modulation response was typically measured with a network analyzer, high speed (New Focus 1011) photoreceiver and 26 GHz Miteq amplifier. The measured response was corrected for the measured frequency response of the cables and amplifiers, and the manufacturer's supplied calibration curve for the photoreceiver. Cryogenic results were made with a adapted cryogenic microwave two port test station, which had provision for manipulating two Cascadetype microwave probes over a sample which was cooled with a helium cryostat. For laser modulation measurements, a special fiber feedthrough was constructed. The laser was biased and modulated with one of the microwave probes, and the fiber was mounted to the other probe arm and aligned in front of the device to collect the modulated light.
Results for 1-and 1.55-m devices were qualitatively quite similar, and will be discussed together. An explanation for the markedly different temperature dependence of quantumdot devices will be presented in terms of the different carrier capture mechanisms in these devices. Fig. 3(a)-(c) shows typical responses of a 1.55-m TI laser at 25, 137, and 290 K, respectively, together with the best fit to the modulation response equation [20] (2)
The transport and capture pole was included in the fit but was not a significant limitation in the optical modulation response for the quantum-well devices.
Here is the resonance frequency and is the damping frequency. The maximum measured bandwidth was about 18 GHz at room temperature and increased to about 24 GHz at 137 K. While the measurement setup used for the 25 K measurement at that time was only suitable up to 20 GHz, the extrapolated bandwidth given from the fit is over 35 GHz. Other researchers have measured comparable values (30 GHz) at this wavelength at room temperature [21] .
For a given current, the resonance frequency was much higher at low temperatures. For the laser illustrated, the threshold (estimated from onset of visible frequency response) shifted from 14 mA to 5 mA going from 300 K to 137 K, and was under 1 mA at 25 K. The current at which a given response occurred decreased dramatically with temperature, but the shape only changed moderately, and the ultimate modulation bandwidth also was only moderately (factor of two or less) affected.
This sort of response was typical of the 1 m tunneling injection lasers as well (which are not shown for the sake of brevity). Bandwidths of 43 GHz have been measured under cw conditions at room temperature in these devices [22] . These devices were particularly susceptible to catastrophic facet degradation at high power levels. In this study, the focus was largely on the temperature dependence of the differential gain and -factor. In order to obtain data from the same device at many different temperatures, and avoid facet degradation, the devices were not driven excessively: a few measurements were taken at each temperature at moderate drive currents. Consequently, the highest bandwidth recorded was 28 GHz at a temperature of 135 K and drive current of 15 mA, in a 200 m device. The temperature dependent modulation characteristics of quantum-dot lasers are markedly different. Fig. 4(a)-(c) shows the measured modulation response of a quantum-dot laser at various temperatures 90, 155, and 245 K. The maximum modulation bandwidth increases from 5 to 6 GHz at room temperature to 7 GHz at 245 K and 20 GHz at 90 K. This factor of four increase in the ultimate modulation bandwidth is accompanied by a dramatic change in shape of the curves, from a highly capture-time limited response at room temperature to a "typical" semiconductor laser response at cryogenic temperatures. We believe this is due to the temperature dependence of the carrier capture mechanism and the consequent temperature dependence of gain compression, which will be further quantified in the following discussion.
Differential gain is extracted from the relationship between resonance frequency and net injection current and the internal conversion efficiency and optical confinement factor, [20] . Values for and calculated at room temperature were used in the calculation at lower temperatures. Values for differential gain for the different device types were calculated at various temperatures and are shown in Fig. 5 . While the figure clearly shows the temperature dependence of the differential gain, there is significant uncertainty in the values and temperature dependence of and so the numerical value calculated is only roughly accurate. From the fit to the modulation response equation, values for and were obtained for each laser at each bias current. The linear relationship between and defines the -factor, which defines a fundamental, theoretical limitation to the maximum modulation bandwidth as --/K(ns) [20] . Values for the -factor were extracted from the conventional linear dependence between damping factor and resonance frequency given below [20] (3) with being gain compression, the differential gain, the photon lifetime, the spontaneous emission lifetime, and the group velocity. The -factor determines the dampinglimited bandwidth limit as -/K(ns). An example of how temperature affects the damping characteristics is illustrated in Fig. 6(a) , which shows the extracted resonance frequency 2 versus damping rate for quantum-dot lasers. There is a dramatic change in slope between 245 and 155 K. In addition, the y-intercept shifts up due to increase in spontaneous emission with decreasing temperature and the consequent decrease in carrier lifetime. Fig. 6(b) shows a similar graph for the 1-m TI quantum-well laser. There is a similar tendency for an increase in the -intercept but a much smaller change in slope (and hence in -factor) for quantum-well devices. Fig. 7(a) shows the calculated -factors as a function of temperature for the quantum-well devices. The extractedfactor increases by about 50% for quantum-well devices from 100 K to room temperature. The -factor extracted at room temperature for the 1.55-m laser shown is 0.27 ns, and the -factor extracted at 132 K is 0.21 ns. Calculating the photon lifetime from the mirror loss alone and using the Fig. 7(b) shows the measured -factor for a quantum-dot laser as a function of temperature. In contrast to the quantumwell devices, the measured -factor increases by about a factor of five for quantum-dot devices over the temperature range of 100 K to room temperature. The curve shown in Fig. 7 (b) will be discussed in Section IV.
IV. DISCUSSION: TEMPERATURE DEPENDENCE OF MODULATION CHARACTERISTICS IN QUANTUM-WELL LASERS
The effect of temperature on modulation response in nearly damping-limited quantum-well lasers is shown in Fig. 3(a) , (b), and (c), Fig. 5 , and Fig. 7(a) . The shape of the particular response is approximately the same, although the current at which a particular response occurred decreased dramatically. In Fig. 3(c) , a resonance frequency of 14 GHz occurred at 100 mA injection current which in Fig. 3(b) occurred at 22 mA, a difference which cannot be explained by the shift in threshold current from 14 to 5 mA. Mathematically, this is described by a vastly increased differential gain. Increased differential gain at low temperature is well understood based simply on the Fermi-Dirac occupation probability dependence on temperature. Fig. 7 (a) suggests that there is only moderate change in the -factor at various temperatures, which means that the gain compression factor increases as differential gain increases. This is consistent with other experiments done exploring the relative values of and as the temperature is increased above room temperature [2] . Neglecting the parameters and together describe the shape of the response curve in a way independent of the bias current. As the shape of the curves is very similar at different temperatures (except for the drive current at which they manifest), the -factor (which quantifies the relationship between and is about the same at different temperatures.
The exact mechanism responsible for is still not well understood. It has been attributed to spectral hole burning [21] , well-barrier hole burning [24] , feedback of the standing wave on the gain and index in the cavity [25] , or carrier heating [1] . It is likely that many of these factors contribute in different degrees, depending on laser structure and material system. However, regardless of mechanism, the damping limit does not change enormously with change in temperature. The observed approximately linear increase in with is explicitly predicted by the model which attributes gain compression to well-barrier hole burning [24] , as (4) Here is the carrier "capture" time (or the time it takes to transfer a carrier between gain producing region and nongain producing region), is the equilibrium ratio of carriers in the gain and nongain producing regions. This equation is derived from a rate equation model and makes sense intuitively. Gain compression results from lost carriers. The longer it takes to restore these carriers (the larger is), the more effect these lost carriers have. The lost carriers are also more significant if the differential gain is high.
Using (4) above to write the -factor without differential gain yields (5) which illustrates the expected temperature dependence of the -factor. The photon lifetime is dominated by mirror losses and is not a strong function of temperature. The capture time in quantum-well lasers is attributed to phonon scattering which also does not have strong temperature dependence. The equilibrium distribution depends moderately on temperature; however, typical barrier heights of 50 or more meV are much greater than thermal voltages, and hence the distribution likely depends more on transfer dynamics rather than thermal distribution. The dependence of the -factor (and the damping limit to modulation bandwidth) on temperature is quite weak. Hence lowering the temperature resulted in a similar response at a much lower drive current.
It is interesting to make the comparison between these results and the study made by Yu et al. [26] of conventional SCH 1.55-m strained lasers at cryogenic temperatures. Yu observed a factor of two increase in maximum modulation bandwidth between 130 K and room temperature, whereas we observed only an 30% increase in modulation bandwidth. From the data presented, Yu's devices are not damping limited at room temperature, but rather were characterized by a resonance frequency which saturated and did not increase further with increasing drive current. This limited their response at room temperature. However, at 130 K, for a net injected current of 10 mA, Yu's reported fr is about 17 GHz, while the 1.55-m InGaAsP/InP TIL's investigated in this study had a of 14 GHz. This suggests that the difference between the "cold" carrier distribution attributed to the TIL and the usual carrier distribution provided by the SCH may be less significant at low temperatures.
We also note that Yu found maximum bandwidths at intermediate temperatures around 100 K and observed a lowfrequency rolloff in the response at very low temperatures, which was attributed to impeded carrier transport amongst the different wells. We did not observe any low frequency rolloff at low temperatures, and our bandwidths increased monotonically with decreasing temperature. This may depend on the degree of carrier trapping and the details of carrier transport, which depend strongly on the details of the individual structure.
V. DISCUSSION: TEMPERATURE DEPENDENCE ON MODULATION CHARACTERISTICS IN QUANTUM-DOT LASERS
Some very interesting phenomena are apparent in comparing the temperature dependent dynamics in quantum-well and quantum-dot devices. From previous pump-probe measurements [27] and analysis of the small signal electrical impedance [13] , the magnitude of the capture time at room temperature is about 30-50 ps, reducing to about 8-10 ps at cryogenic temperature. In comparison, typical experimental values for relaxation times in quantum-well lasers are about 1-10 ps at room temperature. Theoretical studies have identified what has become known as the "phonon bottleneck" in quantum-dot lasers: since the excited and ground states are not typically separated by phonon energies of 36 meV, single phonon assisted relaxation events between these levels are forbidden. Multiple phonon events, while permitted, are typically much slower ( 1 ns) [28] . Since the calculated values for phonon relaxation are much greater than these measured values, the relaxation mechanism must be due to a different process.
Mechanisms such as Auger-like recombination processes [29] have also been discussed in the context of carrier relaxation in the dots. However, Auger times typically decrease with increasing temperature, contrary to what has been observed here. In addition, experimental data at very low carrier densities at which Auger recombination is not expected to be significant [27] gave total relaxation times of about 8 ps, in good agreement with the maximum possible relaxation time determined from bandwidth measurements of devices. This suggests that Auger mechanism does not significantly affect relaxation times under lasing conditions.
In contrast, calculated values of carrier relaxation times due to electron-hole scattering are about 30 ps at cryogenic temperature and 70 ps at room temperature [28] in reasonable qualitative agreement with the measured values. Hence, from the magnitude and temperature dependence of the capture time, the capture mechanism is inferred to be electron-hole scattering.
The mechanism of electron-hole scattering is illustrated in Fig. 8 . An excited electron transfers energy to a ground state hole, resulting in the promotion of a hole to an excited hole state. The more closely spaced hole states, along with the lifetime-broadened energy width of the individual states, enable the hole to rapidly relax through phonon processes to the ground state. (The hole relaxation time has been identified experimentally through pump-probe measurements to be about 0.6 ps [27] .) The first step in this mechanism is the promotion of the hole to an excited energy level. Hence, it is reasonable to assume that the scattering time should depend inversely on the number of hole vacancies at that energy level: the presence of thermally activated holes inhibits the promotion of new holes. From the model proposed in [24] which is incorporated in (4), the -factor scales with the capture time. Assuming that the holes are thermally distributed and that the quasi-Fermi level for holes is the ground hole state, the measured -factor as a function of temperature can be fit to an expression based on Fermi statistics (6) for the number of vacancies at the energy separation between the excited and ground electron states, with and as fit parameters. The parameter is the energy separation between the excited and ground electron state. The extracted separation is 60 meV, and the line is the best fit curve. This should be compared to the value of 56 meV calculated using an 8-band k p model [30] for In 0.4 Ga 0.6 As/GaAs dots. This agreement between calculated and experimental value is excellent corroboration for both the calculated energy level spacing and the determined, dominant mechanism for carrier capture being electron-hole scattering. The actual increase in -factor (from 0.2 ns to 1 ns) is about the right order as the increase in capture time from 10 to 30 ps, and the rest of the difference could be explained by the moderate thermal dependence of This argument assumes that the limiting time for relaxation is transition in the dot down to the lasing ground state in the dot, and interaction between the barrier region or wetting layer and the does is neglected. It is assumed that electronhole scattering in the wetting layer is not dominant (as in the quantum-wells) and therefore may not play a significant role in the carrier capture process. Direct differential transmission studies have measured electron relaxation times within the dot of 5-8 ps and barrier-to-excited-state dot transitions of 2.6 ps at cryogenic temperatures [27] . Together with the upper limit on capture time of about 10 ps, based on the measured modulation bandwidth of 20 GHz, this indicates that relaxation within the dot is the dominant term.
We note the implications of (6) for device applications purposes. For example, it suggests that operating at a higher tem-perature will increase the capture time. Such an increase would be undesirable for a direct modulated interband semiconductor laser but might be ideal for an intersubband photodetector or laser. (In fact, such an intersubband laser would more easily achieve inversion, and hence lasing, at high temperatures). It also suggests that bandstructure engineering which places the electron levels closer in energy may reduce the capture time at room temperature to the point where performances of quantum-dot interband lasers at room temperature may approach these measured cryogenic performances.
VI. CONCLUSIONS
In summary, the optical modulation measurements which were made on GaAs 1-m and InP 1.55-m lasers at cryogenic temperatures showed the following: the differential gain increased by a factor of five going from room temperature to 130 K, such increase being attributed to the temperature dependence of Fermi-Dirac statistics, and increased by about a factor of 50 down to 25 K. The gain compression coefficient also increased commensurately with differential gain, leading to a slightly smaller -factor and a somewhat larger maximum modulation bandwidth. The damping limit did not increase by the same order of magnitude that the differential gain increased. This approximately linear relationship between differential gain and damping factor has been explicitly predicted by the model that attributes gain compression to well-barrier hole burning. This is explained by the fact that gain compression is due to lost gain-producing carriers; these lost carriers are more significant if the differential gain is high. This indicates that the damping limit may not be very sensitive to temperature in quantum-well lasers, and thus, quantum-well lasers which are damping limited may not see significant increases in operating bandwidth by operating at lower temperature. The observed modulation bandwidth increased by less than a factor of two, and the potential for greatly increased high speed operation was not seen in the -factor. In contrast, in quantum-dot lasers, there was a significant change in measured -factor, going from 0.2 ns at 100 K to 1 ns at room temperature, and a corresponding increase in the modulation bandwidth. This is attributed to the increase in capture time, or carrier relaxation time, with increasing temperature. The energy separation extracted from the fit to the curve is in reasonable agreement with the calculated energy separation between the first and second electronic states.
Hence, capture time plays a dual role in limiting the modulation response of quantum-dot lasers. It appears as a single pole falloff in the modulation response equation, and it also increases the damping associated with a particular resonance frequency through the increase in the -factor.
